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Abstract

An immobilisation procedure based on the direct coupling of thiolated probes (Probe-C6-SH) to bare gold sensor surfaces has been
compared with a reference immobilisation method, based on the coupling of biotinylated probes onto a streptavidin-coated dextran-modified

surface.

The instrumentations used were a quartz crystal microbalance (QCM) and the optical instruments Biacore X ™ and Spreeta™ based on

surface plasmon resonance (SPR).

The performances of the DNA-based sensors resulting from direct coupling of thiolated DNA probes onto electrodes of quartz crystals or
gold SPR-chips have been studied in terms of the main analytical parameters, i.e. selectivity, sensitivity, reproducibility, etc.
In particular, the two immobilisation approaches have been applied to the analysis of oligonucleotides, DNA amplified by polymerase

chain reaction (PCR) and genomic DNA enzymatically digested.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Biosensors; DNA probes; Immobilisation procedure

1. Introduction

In the last two decades, biosensors had a wide impact in
clinical, food and environmental analysis. In particular,
DNA-based biosensors, where a ssDNA probe is immobi-
lised on the surface of the sensor, allow rapid, real-time
monitoring of hybridisation with the target DNA. The
detection relies on the biorecognition between a probe
immobilised on the sensing surface and the target sequence
in solution.

Probe immobilisation is a fundamental step in DNA-
based biosensor development. In the present work, a
comparison between an immobilisation procedure based
on the direct coupling of thiolated probes (Probe-C4-SH) to

* Corresponding author. Tel.: +39 0554573323; fax: +39 0554573397.
E-mail address: sara.tombelli@unifi.it (S. Tombelli).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.04.008

bare gold sensor surfaces [1,2] and a reference immobilisa-
tion method, based on the coupling of biotinylated probes
to a streptavidin-coated sensor [3] is shown. This latter
immobilisation method has been extensively applied in
many previous works [4-16]. This method resulted very
efficient in terms of sensitivity, selectivity and stability of
the realised sensors for hybridisation detection [8,10,16,17].
More recently, chemisorption of DNA probes onto trans-
ducer surfaces based on the formation of gold-thiol bonds
has been reported by some authors [2,18-23]. Since the
direct coupling of probes by self-assembly of terminally
thiol-labelled oligonucleotides is very suitable for piezo-
electric and surface plasmon resonance (SPR) based
sensors, in this work, both these transduction techniques
have been examined.

The hybridisation detection has been studied with a
quartz crystal microbalance (QCM) (Seiko QCA922) and
two SPR devices (Biacore X™ and Spreeta™). Each
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instrument provides a gold surface, consisting of a quartz
crystal with gold electrodes evaporated on both sides, for the
QCM device, and of a glass slide coated with vaporised
gold, for the SPR systems. The application of the same
coupling strategy to these different devices was conducted
with the aim of exploiting its applicability to different
instrumentations using different sensor formats.

The different systems have been applied to the analysis
of DNA amplified by polymerase chain reaction (PCR) and
genomic DNA enzymatically digested. In particular, the
amplified fragment was a region of the 35S promoter, a
marker widely used for genetically modified organisms
analysis. The target sequence in the genomic DNA is
internal to a highly repeated fragment of bovine genome.
Highly repeated DNA fragments are specific sequences, of
various length (from a few to thousands of nucleotides),
which are repeated in the genome and can correspond to a
high percentage of this (around 30%).

2. Experimental
2.1. Apparatus and reagents

The QCM device was based on 10 MHz At-cut quartz
crystals (14 mm) with gold electrodes (42.6-mm? area)
evaporated on both sides (NuovaMistral, Latina, Italy). The
quartz resonator was housed inside a methacrylate cell such
that only one side of the crystal was in contact with the
solution in the cell well. The frequency variations were
continuously recorded using a quartz crystal analyser
(Models QCA922, Seiko EG&G, Chiba, Japan). The
frequency shifts reported in the paper are the difference
between two stable values (=1 Hz).

The SPR device Biacore X™ (Biacore, Uppsala, Sweden)
and a dextran-modified sensor chip (CM5) or a bare gold
sensor chip (SIA kit Au), the SPR device Spreeta™ (Texas
Instruments, USA) and a bare gold Spreeta sensor were used
for the SPR experiments. All the measurements were
conducted at a flow rate of 5 pul/min and 25 °C.

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDAC), 6-mercapto-1-hexanol (MCH) and streptavidin
were purchased from Sigma Aldrich (Milan, Italy). N-
hydroxysuccinimide (NHS) was obtained from Fluka (Milan,
Italy). Other reagents for the buffers were purchased from
Merck (Darmstadt, Germany).

The composition of the buffers and solutions used for the
experiments is as follows:

— Immobilisation buffer (I): NaCl 300 mM, Na,HPO, 20
mM, EDTA 0.1 mM, pH 7.4.

— Immobilisation solution (II): KH,PO, 1 M, pH 3.8.

— Hybridisation buffer (I): NaCl 150 mM, Na,HPO, 20
mM, EDTA 0.1 mM, pH 7.4.

— Hybridisation buffer (II): NaCl 150 mM, Na,HPO, 20
mM, EDTA 0.1 mM, Tween 20 0.005%, pH 7.4.

— Restriction enzyme (EcoRI) buffer (M-Medical, Gen-
enco, Milano, Italy): 50 mM Tris—HCI (pH 7.5), 10 mM
MgCl,, 100 mM NaCl, 0.02% Triton X-100, 0.1 mg/ml
BSA.

2.2. Samples

5'Thiolated synthetic oligonucleotides were from Sigma-
Genosys (Cambridge, UK); 5 biotinylated and all the other
synthetic oligonucleotides were from MWG Biotech (Flor-
ence, Italy).

The base sequences of the 5-functionalised probes, syn-
thetic targets and non-complementary strands are described
below:

P35S

Biotinylated 5'biotin-GGCCATCGTTGAAGATGCCTCTGCC 3
probe:

Non-specific 5'biotin-AATGATTAATTGCGGGACTCTAATC 3’
probe (1):

Thiolated SHS-(CH,)s-GGCCATCGTTGAAGATGCC
probe: TCTGCC 3’

Target: 5YGGCAGAGGCATCTTCAACGATGGCC 3’

Non- S'GATTAGAGTCCCGCAATTAATCATT 3’
complementary

sequence (1):

Bovine

Biotinylated 5'biotin-TCACGCAGCTCAGCAGGCCCT 3
probe:

Thiolated probe: 5'HS-(CH;)s-TCACGCAGCTCAGCAGGCCCT 3

Target: 5S’AGGGCCTGCTGAGCTGCGTGA 3

Non- 5GGCAGAGGCATCTTCAACGATGGCC 3

complementary
sequence (2):
Non- SCAAGGGAGGGAGAGACAGAGAGGCC 3/
complementary
sequence (3):
Blocking oligo 1:
Blocking oligo 2:

5'GTCTGCTCATCTGCTTGACAATTTC 3’
STAATCAAGTAGATGAGCAGGCAG 3/

The plasmidic DNA (pBI121) and the genomic DNA
from genetically modified (GM) maize real samples were
kindly provided by Prof. M. Buiatti, University of Florence
(Italy).

Genomic bovine (Bos taurus) and porcine (Sus scrofa
domesticus) DNA were commercially available from Nova-
gen (Darmstadt, Germany).

2.3. Immobilisation of the oligonucleotide probe on gold

2.3.1. QCM device

The gold electrode surface was first cleaned with a
boiling solution consisting of H,O, (30%), NH;z (30%),
milliQ H,O in a 1:1:5 ratio. The resonators were dipped in
the solution for 10 min. They were then thoroughly washed
with distilled water.

Two different procedures were employed for probe
immobilisation. The first was a multi-steps procedure based
on the interaction between a biotinylated probe and the
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streptavidin on the surface. This procedure was used here as
reference method in the comparison with the second one
that is based on the direct chemisorption of thiol-derivatised
probes.

2.3.1.1. Biotin-derivatised probe procedure. The gold
sensor surface was modified by formation of a carboxylated
dextran layer, for the immobilisation of streptavidin [3], on a
11-mercaptoundecanol self-assembled monolayer. Then the
biotinylated oligonucleotide (1 uM, P35S probe, and 2 puM,
bovine probe, in immobilisation buffer) was immobilised
[24-26].

2.3.1.2. Thiol-derivatised probe and blocking thiol proce-
dure. The gold sensor surface was modified with a thiol-
derivatised probe and a blocking thiol [2,26-30].

The resonator, after the cleaning step, was thoroughly
washed with distilled water and left in ethanol overnight.
Then the resonator is inserted in the cell and treated with a
solution (I pM) of thiolated probe in immobilisation
solution for 2 h. After washing with immobilisation solution
and milliQ H,O, 200 pl of blocking thiol solution (MCH, 1
mM) was injected into the cell and the reaction was allowed
to proceed for 1 h, before the final washing with milliQ
H,O0.

2.3.2. SPR device

2.3.2.1. Biotin-derivatised probe procedure. This immobi-
lisation procedure was conducted on the Biacore X ™ device
as reported in Refs. [15] and [16].

The dextran-modified sensor chip (CMS5) was directly
docked into the Biacore X™ instrument. Thirty five
microliters of a solution containing 50 mM NHS and 200
mM EDAC in water was injected to activate the dextran-
modified surface. The chip was further modified with
streptavidin (200 pg/ml in acetate buffer 10 mM, pH 5.0).
Then, the residual reacting sites were blocked with 35 pl
solution of ethanolamine hydrochloride (pH 8.6, 1 M water
solution). Finally, the biotinylated probe was added (100 ul
probe 1 pM in immobilisation buffer (I)).

The presence of two flow-cells on the sensor chip allows
the immobilisation of two different probes. The probe in cell
1 provides the complementary counterpart for the target of
interest, while the non-specific probe in cell 2 was only used
as a control surface. Both probe sequences were immobi-
lised using the same protocol.

2.3.2.2.  Thiol-derivatised probe and blocking thiol proce-
dure. Biacore X™: the gold sensor chip was cleaned with
a solution consisting of H,O, (30%), NH3 (30%) and milliQ
water in a 1:1:5 ratio for 10 min and then thoroughly
washed with milliQ water. After the cleaning step, the
sensor chip was covered with a solution (1 pM, 1 ml) of
thiolated probe in immobilisation solution (II) and incubated
at room temperature for 2 h. Following incubation, the

sensor chip was washed with milliQ water and then it was
treated with 1 mM (1 ml) blocking thiol solution (MCH) at
room temperature for a further hour in the dark. After
washing with water, the chip was docked into the Biacore
X™ instrument, ready for hybridisation.

Spreeta™ : the gold Spreeta™ sensor surface was firstly
cleaned with ethanol using a lens paper to remove finger-
prints, oily residues and dust particles, and then a further
cleaning step has been done using the same cleaning
solution used for the Biacore X™ chip. After the cleaning
step, the Spreeta™ sensor was put into the instrument IFC
(Integrated Flow Cell). The coating steps comprised 2-h
running with the thiolated probe (1 uM) and then 1-h
running with the blocking thiol solution (MCH, 1 mM) at a
flow rate of 5 pl/min and at 25 °C.

2.4. Hybridisation with synthetic oligonucleotides

2.4.1. QCM device

The oligonucleotide target complementary to the immo-
bilised probe was used for the characterisation of the
biosensor.

The hybridisation with the target oligonucleotide was
performed adding 100 pl of the oligonucleotide solution in
hybridisation buffer to the cell well. The reaction was
monitored for 10 min and then the surface washed with the
hybridisation buffer to remove the unbound oligonucleo-
tides. We report the frequency shift as the difference
between this final value and the value displayed before
the hybridisation reaction. Both frequency values are taken
when the crystal is in contact with the same buffer solution
(hybridisation buffer) so the shift is due only to compounds
fixed on the gold surface during the reaction [24-26,31].

In all the experiments, the single stranded probe was
regenerated by two consecutive treatments of 30 s with 1
mM HCI allowing a further use of the sensor.

All the experiments were performed at room temperature.

2.4.2. SPR device

Hybridisation experiments were conducted in the
Biacore X™ at a flow rate of 5 pl/min and at 25 °C
injecting 25 ul of the sample solution on the modified
chip. The reaction was monitored for 5 min and then the
sensor chip was automatically washed with hybridisation
buffer to remove the unbound DNA material. The
analytical signal, reported as Resonance Units (RU), was
derived from the difference between the final value and the
value recorded before the target injection (baseline). The
single-stranded probe was regenerated by 1 mM HCI
(streptavidin—biotin method) or 2.5 mM HCI (thiol-
derivatised probe method).

Using the Spreeta™ instrument, hybridisation measure-
ments consisted of 5-min hybridisation, 30 s of running
with hybridisation buffer to remove the unbound DNA
material and finally 2 min of regeneration with 2.5 mM
HCI to go back to the baseline (flow rate 5 pl/min, 7=25
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°C). The analytical signal, reported as Refractive Index
(RI), was derived from the difference between the value
recorded before (baseline) and after the hybridisation when
the sensor surface is in contact with the same buffer
solution.

2.5. Sample extraction and amplification

The plasmidic (pBI121) DNA and the genetically mod-
ified (GM) maize DNA were extracted using the QIAprep
kit (Qiagen, Milan, Italy) and following the European
screening method for GMO detection [32], respectively.
The concentration of the extracted DNA material was de-
termined spectrophotometrically at 260 nm (GeneQuant,
Amersham Biosciences, Milan, Italy).

A 243-bp DNA fragment containing the target sequence
P35S (25mer) was amplified by using the sense (5
GCTCCTACAAATGCCATCATT 3) and antisense (5’
CTCCAAATGAAATGAAC 3) primers (MWG Biotech).
The PCR conditions were as follows: initial 94 °C for 4 min,
94 °C for 1 min, 50 °C for 1 min, 72 °C for 1 min and 72 °C
for 3 min; 35 PCR cycles. All PCR experiments were
conducted with a MiniCycler, MJ Research (model
PTC150) (Waltham, MA, USA).

Screening of the PCR products was performed
by gel electrophoresis and visualised through a UV
transilluminator.

The control solution (blank) contained all the PCR
reagents except the DNA template.

2.6. Genomic DNA digestion

The genomic DNA was digested using the restriction
enzyme EcoRI, to obtain DNA fragments of around 400—
500 bp [33], containing the target sequence. By the
WebCutter 2.0 software (web available), it was verified that
the consensus sequence recognised by the enzyme is not
present inside the B. faurus satellite no. 13 (highly repeated
sequence, 247 bp). This is important to ensure that the
fragmentation does not affect the ability of the target
sequence to hybridise to the immobilised probe.

Ten micrograms of genomic DNA has been digested with
two enzymatic units of EcoRI in restriction enzyme buffer.
The reaction has been allowed to proceed at 37 °C overnight
and then at 75 °C for 10 min to inactivate the enzyme.
Afterwards, the digested DNA has been precipitated with
500 pl of absolute ethanol and 20 pl of sodium acetate 3 M
(pH 5.2). The precipitating solution was centrifuged at
13,000 rpm for 45 min at room temperature and the
supernatant removed. The DNA pellet was washed with
500 pl of ethanol 70% at —20 °C and centrifuged at 1300
rpm for 30 min; the supernatant has been removed, the
pellet has been dried in vacuum for 15 min and suspended in
100 pl of sterile bi-distilled H,O.

The reaction success has been confirmed by the electro-
phoresis analysis.

2.7. Denaturation of the PCR amplified DNA and the
digested genomic DNA

The amplicons obtained from PCR and the DNA
fragments obtained by enzymatic digestion have a double
helix structure and the two strands should be separated
(denatured) to allow the hybridisation with the probe
immobilised on the sensor surface.

A denaturation procedure that combines the thermal
dissociating effect to the steric hindrance caused by the
binding of two oligonucleotide sequences to the separated
DNA strands was applied. The principle of this method relies
on the use of two small (20-25 bases) oligonucleotides added
to the sample. One oligonucleotide is complementary to the
strand containing the probe and the other one to the strand
containing the target, but binds laterally so to not overlap with
them. By the interaction between the thermally separated
DNA strands and these oligonucleotides, re-association
between dsDNA strands is prevented, and surface hybrid-
isation can occur. After the addition of the two oligonucleo-
tides (1 uM), the sample was incubated at 95 °C for 5 min and
then 1 min at 50 °C. This second temperature is the
appropriate temperature for the annealing of the oligonucleo-
tides to the complementary DNA sequences [34].

For P35S PCR samples, the primers for the PCR
procedure have been also used as blocking oligonucleotides
in the denaturation; for bovine genomic DNA denaturation,
blocking oligonucleotides 1 and 2 were used.

2.8. Hybridisation with the PCR amplified DNA and the
digested genomic DNA

2.8.1. QCM device

The procedure for the hybridisation of PCR amplified
DNA and digested genomic DNA is the same as the one
described for oligonucleotides, with few exceptions due to
the greater complexity of the sample. Due to this character-
istic, the hybridisation reaction was allowed to proceeded
for 20 min.

Moreover, in the case of digested genomic DNA, a
different regeneration treatment was employed, which
consisted of a first addition of alkaline solution (15 s with
NaOH 100 mM), which dissociates the two strands, followed
by 30 s with a solution consisting in 200 mM Tris—HCI, pH
7.0 and 0.1 xXSSC, 0.1%(w/v) SDS (regeneration solution).

The surface performances were controlled, using stand-
ard solutions of synthetic oligonucleotides, before and after
the hybridisation—regeneration cycles.

2.8.2. SPR device

The procedure for the hybridisation of PCR amplified
DNA and digested genomic DNA is the same as the one
described for oligonucleotides, with the exception of the
regeneration method.

Different concentrations (5, 10 and 50 mM) of HCI and
NaOH were tested to find the optimal condition for the
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regeneration of the surface after the interaction with the
PCR amplified DNA sample.

For the regeneration of the surface after the interaction
with the digested genomic DNA, a different treatment was
used, which consisted of a first addition of alkaline solution
(15 s with NaOH 100 mM), followed by 30 s with the
regeneration solution mentioned in the previous paragraph.

3. Results and discussion
3.1. Measurements with synthetic oligonucleotides

The analytical performances of the developed sensors
were tested; the sensitivity, specificity, reproducibility and
stability were evaluated using standard solutions of syn-
thetic oligonucleotides. Two different probes, P35S and
bovine, were immobilised and analysed separately on the
different devices.

3.1.1. QCM device
3.1.1.1. Biotin-derivatised probe procedure

Probe P35S. The calibration curve obtained with
complementary oligonucleotides for the P35S probe in a
concentration range of 0-0.75 uM is shown in Fig. 1 (curve
1). The curve shows a profile with a linear region in the
range 0-0.5 uM and an average coefficient of variation%
(CV%) of 9%. The average CV% is the mean value of the
coefficients of variation% calculated for each concentration,
tested in triplicate. The specificity of the interaction was
tested using a solution 1 uM of non-complementary
sequence 1. The signal resulting from this interaction was
negligible (<3 Hz) confirming the specificity of the system.

The surface was regenerated by treatment with HCl 1 mM
and used for a maximum of 25 cycles (data not shown).

Probe bovine. The hybridisation between the probe and
the complementary oligonucleotide was tested in a concen-
tration range varying from 0 to 0.75 pM.

The results are shown in Fig. 2 (curve 1). A CV% of
10% has been calculated for all the concentrations. The
selectivity of the crystal surface was confirmed by the
absence of frequency shift with the non-complementary
sequence 1, 1 uM. The surface was regenerated by HCI 1-
mM treatment.

3.1.1.2. Thiol-derivatised probe and blocking thiol
procedure

Probe P35S. Fig. 1 shows the calibration curves obtained
with the P35S complementary oligonucleotides after immo-
bilising the thiolated probe by the direct chemisorption on the
gold electrode surface. Different probe concentrations (1 pM
(curve 2) and 0.5 pM (curves 3 and 4)) and immobilisation
times (2 h (curves 2 and 4) and 1+1 h (curve 3)) were tested to
find the optimal immobilisation conditions. In particular,
curve 3 was obtained using fresh solution of thiolated probe
during the second hour. Curves 2 and 3 show a similar profile
indicating a similar hybridisation efficiency of the probe 1
uM immobilised in 1 (2 h) or 2 (1+1 h) steps. On the contrary,
a 0.5-uM concentration of probe resulted in a lower
sensitivity of the sensor. These results are in agreement with
the data reported in the literature [2].

The best conditions of immobilisation, probe concen-
tration of 1 uM and a contact time of 2 h, were then adopted
for the analysis of PCR and genomic DNA samples.

The specificity of the sensor was verified with a non-
complementary oligonucleotide 1 pM. The regeneration
with HCl 1 mM allowed a maximum of 20 cycles.

Frequency shift (Hz)
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Target P35S concentration (uM)

Fig. 1. Calibration curve for P35S obtained from biotin-derivatised probe immobilisation procedure (curve 1, reference procedure) and thiol-derivatised probe/
blocking thiol procedure (curves 2, 3, 4) using QCM device. In particular, the curve 1 is relative to a biotin-derivatised probe 1 pM; while the curves 2, 3 and 4
were obtained using a probe concentration and a contact time of: 1 pM, 2 h (curve 2); 0.5 pM, 1+1 h (curve 3) and 0.5 uM, 2 h (curve 4).
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Fig. 2. Calibration curve for P35S obtained from biotin-derivatised probe immobilisation procedure (curve 1, reference procedure) and thiol-derivatised probe/
blocking thiol procedure (curve 2) using QCM device. The probe concentration was 1 uM, in both cases, and the contact time, in the thiol-derivatised probe,

was 2 h.

From the results reported, it is possible to observe
that the dynamic range, obtained with the QCM device, is
larger with biotinylated probes (curve 1, Fig. 1). Whereas,
the sensitivity is higher with thiolated probes (curves 2
and 3, Fig. 1). An explanation for this phenomenon could
be found performing detailed surface studies, which were
not conducted in this work. Anyway the different
behaviour of the two immobilised probes could be due
to their different density and orientation on the surface.

Probe bovine. In this case, the range of measured
concentration was 0-0.5 uM (Fig. 2, curve 2) and the non-
complementary oligonucleotide used is sequence 2.

The sensor performances are similar to the previous case.
The average CV% calculated is 10%. The sensor surface
shows selectivity towards the target, because no frequency

shift was observed with the non-complementary sequence 2, 1
uM. The surface regeneration was performed with HCI 1 mM.

3.1.2. SPR device

3.1.2.1. Biotin-derivatised probe procedure on
Biacore X™

Probe P35S. Probe P35S and TNos were immobilised
in cells 1 and 2, respectively. After the probe immobilisation,
a calibration curve was performed using the P35S target in a
0-0.5 uM concentration range (Fig. 3). A linear relationship
can be observed in the concentration range 0-0.1 pM. For
each concentration, no detectable shift (ARU<1 RU) was
obtained from cell 2 where the non-specific probe was

400

350 +
3 300 +
x
2 250 1 300
g E 250
8 200 1T 'g 200
c =]
© g 150
5 150 - g 100
a 3 50
II 100 1T 12 0 | |

50 100
50 + Target P35S concentration (nM)
0 I I I I I
0 100 200 300 400 500

600

Target P35S concentration (nM)

Fig. 3. Calibration curve for P35S obtained from streptavidin-biotin binding immobilisation procedure (reference procedure) using BIACORE X ™ instrument

and zoom of the linear region (cell 1: probe P35S; cell 2: probe TNos).
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immobilised. This result confirmed the high specificity of
the system when using synthetic oligonucleotides.

The reproducibility has also been estimated and using the
same concentration (0.1 pM) for nine different cycles of
hybridisation/regeneration on the same chip in one day, the
average value was 249112 RU, resulting in a CV% of 5%.

In all the experiments, the single-stranded probe was
regenerated by a I-min (5 pl) treatment with 1 mM HCI.
The regeneration resulted to be of 92-100% with all tested
target concentrations (0—0.5 pM), demonstrating the effi-
ciency of the treatment. Such step could be performed more
than 100 times without affecting the hybridisation efficiency
(data not shown).

3.1.2.2. Thiol-derivatised probe and blocking thiol
procedure on Biacore X"

Probe P35S. When using the immobilisation method
based on the thiol-derivatised probe, the whole coating
procedure was performed outside the instrument and only at
the end the chip was docked into the instrument. For this
reason, the same probe was immobilised on the different
flow cells (cells 1 and 2: probe P35S).

With this different immobilisation approach, the operat-
ing parameters, i.e. regeneration conditions, the hybrid-
isation solution, etc., were optimised.

The regeneration conditions were changed and the
working buffers (hybridisation buffer both as running
and as dilution buffer for the target solutions) were spiked
with 0.005% of Tween 20. In order to allow the reuse of
the sensing surface, different concentrations of HCI and
NaOH were tested as regenerating agents. Among them,
HCI 2.5 mM (2 pl) showed the best regeneration capacity.

In order to test the specificity of the system, a non-
complementary oligonucleotide 0.1 uM was used. The
signal resulting from these non-specific oligonucleotides
was negligible (ARU<1 RU).

The reproducibility of the measurements was evaluated
over nine hybridisation cycles with the target P35S 0.1 uM,
which resulted in a CV% of 1% for both cells (154+2 RU
and 138+1 RU for cells | and 2, respectively).

In Fig. 4, the calibration curve obtained for target
concentrations 0-0.5 uM is reported. Since the same P35S
probe has been immobilised on both the flow-cells, in the
figure both signals are taken into consideration. A linear
range up to 25 nM with an experimental limit of detection
for P35S target of 2.5 nM can be observed.

Regarding the stability of the chip, with the previously
reported regeneration procedure, more than 100 cycles of
hybridisation/regeneration could be performed on the
same chip without affecting the sensitivity (data not
reported).

Probe bovine. A calibration curve (0-0.5 pM) for
bovine probe (Fig. 5) was obtained using the same
experimental conditions as in the previous case. Similar
results were observed in both cases: a linear range up to
25 nM and an experimental limit of detection for bovine
target of 2.5 nM.

The reproducibility of the measurements was evaluated
over 10 hybridisation cycles with the target bovine 0.1 uM.
The resulting average frequency shifts were 146+6 and
15247 RU for cells 1 and 2, respectively, with a CV% of
4% for both cells. The specificity of the system was tested
employing a non-complementary sequence 0.1 pM; the
signals resulting from these non-specific interactions were
negligible (ARU<1 RU).
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Target P35S concentration (nM)

300 400 500 600

Target P35S concentration (nM)

Fig. 4. Calibration curve for P35S obtained from thiol-derivatised probe/blocking thiol immobilisation procedure using BIACORE X ™ instrument and zoom of

the linear region (cell 1: probe P35S; cell 2: probe P35S).
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Fig. 5. Calibration curve for bovine obtained from thiol-derivatised probe/blocking thiol immobilisation procedure using BIACORE X ™ instrument and zoom

of the linear region (cell 1: probe bovine; cell 2: probe bovine).

Also in this case, more than 100 cycles of hybridisation/
regeneration could be performed on the same chip without
decreasing the sensitivity (data not shown).

3.1.2.3. Thiol-derivatised probe and blocking thiol
procedure on Spreeta™

Probe P35S. Using the Spreeta™ device, the whole
immobilisation procedure, except the cleaning step, has
been conducted on the chip already inserted into the
instrument. Due to the presence of only one flow-cell,
only the specific P35S probe has been immobilised on
the chip.

In order to evaluate the performance of the device, a
calibration curve has been obtained with different concen-
trations of target P35S (0—1 pM) (Fig. 6). An experimental
detection limit of 10 nM was obtained.

A non-complementary oligonucleotide 1 pM was tested
to check the specificity of the system and non-detectable
hybridisation signals were obtained from these experiments.

The reproducibility was evaluated performing six meas-
urements on the same day with the target P35S 0.1 uM. An
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Fig. 6. Calibration curve for P35S obtained from thiol-derivatised probe/
blocking thiol immobilisation procedure using SPREETA™ instrument.

average hybridisation signal of (10.1+0.6)e—05 RI was
obtained with a CV% of 6%.

The regeneration procedure chosen for this system was
the one optimised using the Biacore X™ device with the
same immobilisation method (HCI 2.5 mM). This treat-
ment allowed up to 50 cycles of hybridisation (data not
shown).

3.2. Hybridisation with PCR amplified DNA and digested
genomic DNA

3.2.1. QCM device

Both the immobilisation procedures were applied to the
analysis of PCR amplified DNA (P35S) and digested ge-
nomic DNA (bovine). The results are summarised in Fig. 7.

M P35S PCR samples
-30 17 Bovine genomic DNA

-25 1

-20

-15 4

10 1

Frequency shift (Hz)

-5

1 2 3 4

BIOTIN/STREPTAVIDI THIOL DERIVATISED PROBE
N INTERACTION CHEMISORPTION

Fig. 7. Frequency shifts obtained from biotin-derivatised probe and thiol-
derivatised probe/blocking thiol immobilisation procedures using QCM
instrument and PCR amplified DNA and digested genomic DNA samples.
In detail: (1) biotin-derivatised probe and PCR amplified DNA; (2) biotin-
derivatised probe and digested genomic DNA; (3) thiol-derivatised probe
and PCR amplified DNA; (4) thiol-derivatised probe and digested genomic
DNA.
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Eizflti obtained with the SPR devices (BIACORE X™ and SPREETA ™) using thiolated probes, immobilised on the sensing surfaces

Biacore X ™ Spreeta ™

ARU S.D. (n=3) CV% ARI S.D. (n=3) CV%
P35S (PCR amplified DNA, 243 bp) 90 5 6 10.5e—05 0.7e—05 7
Bovine genomic DNA 60 5 8 / / /

(enzymatically digested, 400-500 bp)

The PCR amplified DNA sample has been analysed with both SPR devices, immobilising on the surface the P35S probe. The enzymatically digested DNA
sample has been tested only with the BIACORE X™ device, using the bovine probe. (1 RI=1e+06 RU).

The system was able to detect the complementary target
sequence in both samples, differing in complexity. In
particular, in amplified DNA, the target sequence is present
alone in a high number of copies, while in the digested
DNA the target sequence is present in a lower number of
copies and it is also mixed with all the fragmented genomic
DNA.

The calculated CV% are 4% and 11% for PCR samples
(columns 1 and 3) and 19% and 23% for genomic digested
DNA (columns 2 and 4). These differences can be explained
taking into consideration the different complexity of the two
samples.

The specificity of the system was tested with blank
solutions (PCR mixture without the DNA template for P35S
and the digestion solution without the DNA template for
bovine DNA). Negative controls consisting in PCR ampli-
fied DNA that did not contain the P35S target sequence,
(217-bp sequence of lectin gene) and digested genomic
DNA from a different species (porcine DNA), were also
tested. The obtained frequency shifts were negligible in all
cases (<3 Hz).

3.2.2. SPR device

The results obtained with the SPR devices using thiolated
probes are shown in Table 1.

P35S PCR samples and bovine genomic DNA have been
tested with Biacore X ™ . In both cases, the system was able
to detect the target sequence with a good reproducibility
(CV%: 6% and 8%). As in the case of QCM, the specificity
was tested with non-specific samples and blank solutions.
The signals were negligible (<1 RU), confirming the
specificity of the surfaces modified by direct chemisorption
of thiolated probe. These results can be compared with those
obtained with biotinylated probes reported in the previous
papers published by this group [15,16,35].

P35S PCR samples have been tested with the Spreeta™
device, which showed similar performances (1 RI=1e+06
RU).

4. Conclusions
Different examples of DNA-based biosensors realised

with two immobilisation procedures have been presented.
The first method was based on the coupling of biotiny-

lated oligonucleotide probes onto a streptavidin-coated
dextran-modified surface and it was taken as reference
method. The second was based on the direct coupling of
thiolated probes (Probe-Cs-SH) to bare gold surfaces and
it was proposed as alternative immobilisation method
suitable for DNA-sensing.

Three different devices have been considered with the
common characteristic of having a gold surface as sensing
element: a quartz crystal microbalance (Seiko QCA922) and
two surface plasmon resonance based devices (Biacore X ™
and Spreeta™).

The application of the same coupling strategy to these
different devices, using different sensor surface formats, has
been demonstrated.

The systems were suitable for the analysis of small
oligonucleotides, PCR fragments and more complex sam-
ples such as genomic digested DNA. The obtained results
with both immobilisation strategies were comparable when
analysing PCR or genomic DNA samples both with the SPR
and the QCM devices.

These results demonstrate the applicability of the
alternative immobilisation method for DNA sensing using
devices with different sensor formats.
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